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This paper reviews some of the more important literature relating to the morphological aspects of marsupial implantation in conjunction with hitherto unpublished observations. The data, although fragmentary, are derived from a wide variety of marsupial species and are presented in support of the thesis that fetal-maternal relationships in marsupials can most appropriately be divided into two phases. The first phase occupies up to two-thirds or more of pregnancy while the blastocyst undergoes expansion. The three primary germ layers (endoderm, mesoderm and ectoderm) are established and embryonic development proceeds at least as far as the pre-fetal or early fetal stage. Implantation is not known to occur in any marsupial during this period as an intact shell membrane completely separates fetal and maternal tissues. The second phase begins during the terminal third of gestation and is initiated by the rupture of the shell membrane. This is the period when almost all fetal differentiation occurs, and in only some marsupials does the trophoblast exhibit invasive properties that result in either a rudimentary implantation or, in one group (the Peramelidae), a relatively typical implantation reminiscent of that found in eutherian mammals.
The details of the morphological events during the first and second phases of marsupial development will now be considered separately. Although the photomicrographs and much of the accompanying text are concerned with only three marsupials, Trichosurus vulpécula (brush possum), Phascolarctos cinereus (koala) and Perameles nasuta (bandicoot), they are considered to provide an adequate coverage of the range of fetal-maternal adaptation relating to im¬ plantation in marsupials as a whole.
THE FIRST PHASE OF MARSUPIAL DEVELOPMENT
At the beginning of the first phase the vitellus of the egg is invested by three acellular egg membranes. The innermost of these is the zona pellucida of ovarian origin. The zona pellucida in turn becomes coated by two further egg membranes (the tertiary egg membranes, the mucoid coat and the shell membrane) during the passage of the egg through the Fallopian tube to the uterus (PI. 1, Fig. 1 ). The formation and fate of each of these three egg mem¬ branes will now be considered separately.
The zona pellucida
The marsupial zona pellucida, as in eutherian mammals, is of ovarian origin and is fully formed at ovulation. In Trichosurus vulpécula and various other mar-R. L. Hughes supial species, it has the histochemical properties of a weakly acidic proteincarbohydrate complex (Hughes, 1974) . Trichosurus vulpécula has a thin zona pellucida, usually less than 6 µ thick (range 0-5 to 7-9 ¿um) and this is pre¬ sumably a typical marsupial feature. Sharman (1961) has reported a zona of about 1 /im in thickness for a four-celled uterine egg in Trichosurus vulpécula, and in unilaminar blastocysts of Macropus eugenii in diapause the zona had a thickness of from 0-5 to 1-6 µ (Hughes, 1974) . According to Hill (1910) the zona of both ovarian eggs and unsegmented uterine eggs was about 2 µ in thickness in Dasyurus viverrinus. Hartman (1916) has also reported a thin zona pellucida in Didelphis virginiana ranging in thickness from 0-8 to 4 µ in tubai eggs.
The marsupial zona pellucida has a transitory existence and as in Dasyurus viverrinus (Hill, 1910) it probably disappears with the expansion of the uni¬ laminar blastocyst. In Trichosurus vulpécula the zona is present in both un¬ fertilized uterine eggs and unilaminar blastocysts until at least 4 days after oestrus but is not found in bilaminar blastocysts (Hughes, 1974 ). Hill's (1910) observations on Dasyurus viverrinus and several other marsupial species led him to conclude that the zona pellucida played a vital rôle in the direct mode of formation of the marsupial unilaminar blastocyst. Renfree (1972) (Hughes, 1974) .
The mucoid coat when fully formed varies greatly in thickness both between and within species. In Dasyurus viverrinus it is relatively thin, ranging between 15 and 22 µ , while in Didelphis aurita and Didelphis virginiana it attains a thickness of up to 140 and 150 µ respectively (Hill, 1918; Hartman, 1916) . In Trichosurus vulpécula the fully formed mucoid coat has a maximum thickness which ranges from about 45 µ to 90 µ (Hughes, 1974) .
The mucoid coat disappears at different stages of embryonic development according to the species. Hill (1910) (Kerr, 1935) . Sharman (1961) Fig. 2 ) on approximately the 7th to 9th days after oestrus (Hughes, 1974) . In Didelphis virginiana the mucoid coat thins with the expansion of the bilaminar blastocyst and has all but disappeared 6£ to 1\ days after mating at about, or just before, the pro¬ liferation of mesoderm (Hartman, 1916 (Hartman, , 1919 (Hartman, , 1928 McCrady, 1938 (Bancroft, 1973 (Hill, 1910) , Didelphis virginiana (Hartman, 1916 (Hartman, , 1919 , Setonix brachyurus (Sharman, 1961) . In three tubai eggs of Trichosurus vulpécula the shell membrane had a thickness ranging between 3-2 and 6-3 µ (SH, PI. 1, Fig. 1 ) (Hughes, 1974) .
The deposition of the shell membrane continues after eggs enter the uterus. In all marsupial species so far examined the uterine eggs are always invested by a shell membrane (Hill, 1910; Hughes, 1974) , which attains its maximum thickness before the unilaminar blastocyst undergoes expansion. Early uterine eggs with a shell membrane thickness ranging between 1 µ and 1-6 µ have been reported for Phascolarctos cinereus (Caldwell, 1887) , Dasyurus viverrinus (Hill, 1910) , Didelphis virginiana (Hartman, 1916) and Didelphis aurita (Hill, 1918) . However, the maximum shell membrane thickness found in Didelphis aurita was 3 µ and in Dasyurus viverrinus and Phascolarctos cinereus it was 8 and 10 µ , respectively. In Trichosurus vulpécula Hughes (1974) found that in seven cleaving uterine eggs the mean shell membrane thickness was 4-5 µ and in seven unilaminar blastocysts this had increased to a mean of 7-4 µ ; a maximum thickness of 6 to 10 µ was attained in unfertilized eggs and unilaminar blastocysts at about the 2nd to 4th day after oestrus.
Observations by Hughes (1974) Boyd (1924) and Hartman (1939) (Hughes, 1974) . This confirms the ob¬ servation of Sharman (1961) who found that in Trichosurus vulpécula the shell membrane was present until at least some mesoderm had extended beyond the embryonal area in an embryo at 12-5days of gestation. BothSharman (1961) and Hughes (1974) have described ruptured remnants ofthe shell membrane persist¬ ing in association with fetal membranes offull-term Trichosurus vulpécula fetuses.
In Dasyurus viverrinus, Hill (1910) reported the thinning of the intact shell membrane accompanying the expansion of the unilaminar blastocyst, but in Didelphis virginiana the shell membrane has been stated to retain its variable maximum thickness until after the formation of the bilaminar blastocyst (Hartman, 1916) . Similarly, Kerr (1935) noted that in Bettongia cuniculus the shell membrane exhibited great individual variation in thickness but began to thin rapidly with the formation of the bilaminar blastocyst. Flynn (1930) Fig. 2 . A sectioned, bilaminar blastocyst recovered from the uterus of Trichosurus vulpécula. The overall diameter of the trophoblastic ectoderm was 3-2 mm. Both the zona pellucida and mucoid coat were absent and the shell membrane (SH) of 1-3 µ thickness was closely applied to the entire outer surface of the ectodermal layer. Fig. 3 . Portion of a transversely sectioned pregnant uterus of Trichosurus vulpécula. The young fetus had an overall length of 9 mm and the oval yolk-sac had major and minor axes of 19 and 11 mm respectively. The zona pellucida and mucoid coat were absent. The shell membrane (SH) was ruptured in places and was not closely applied to either the bilaminar yolk-sac (BI YS) or to the luminal epithelium of the uterine endometrium (UT EP). Fig. 4 (Caldwell, 1884 (Caldwell, , 1887 ; Perameles obesula (Hill, 1897) and Schoinobates volans (Bancroft, 1973 
Marsupials with a non-invasive trophoblast
Early studies on Macropus major (Owen, 1834) and Didelphis virginiana (Michel, 1850) showed that the fetal membranes were not attached to the uterus during the terminal stages of pregnancy and similar observations have since been made for a wide variety of marsupial species (Table 2) . Hartman (1923) found that although Didelphis virginiana embryos were not attached to the uterine wall up to the time of birth, the ectoderm of the trophoblast closely followed the contour of the folded uterine epithelium.
In Plate 1, Fig. 4 Fig. 3 ). Sharman (1961) also has reported a lack of attach¬ ment between the epithelia of fetal and maternal tissues in both Potorous tridactylus and Trichosurus vulpécula during the advanced pregnancy stages. Sharman (1961) In Bettongia cuniculus (Flynn, 1930) (Bancroft, 1973) Fig. 5 . An enlarged ectoderm cell from the bilaminar yolk-sac (ECT BI YS) has penetrated (arrowed) the luminal epithelium of the uterus (UT EP). Fig. 7 . A fixed full-term koala, Phascolarctos cinereus, fetus ( 17 mm long) in relation to its partly dissected fetal membranes. Three regions of the fetal membranes were adjacent to the luminal epithelium of the uterus as follows : (a) A fused chorio-allantoic membrane (CH AL). Although the vesicular allantois was fused with the chorion, no chorionic villi were present and the chorio-allantoic membrane was not attached to the uterine epithe¬ lium, (b) A vascularized trilaminar yolk-sac (removed by dissection) occupying approxi¬ mately half the external portion of the fetal membranes and bounded by an equatorial sinus terminalis. (c) A bilaminar nonvascularized portion of the yolk-sac (removed by dissection) including the annular zone of attachment just outside the sinus terminalis. The limiting fetal membranes were oval and had a major and a minor axis of 34-5 and 20 mm respectively. Fig. 8 . A fixed, full-term koala, Phascolarctos cinereus, fetus showing a further stage in the dissection of the fetal membranes of the specimen shown in Fig. 7 . The vesicular allantois (ALT) of 12 mm in diameter had a poorly developed umbilical cord and was fused with the chorion to form a chorio-allantoic membrane (CH AL). This fusion was confirmed by histological sections. The amnion (AM) closely invested the fetus. 181 had elapsed (Renfree, 1973 (Enders & Enders, 1969) . The fetal ectodermal cells form cups overlying the tops of the endometrial folds and giant cells penetrate between the uterine cells into the endometrial stroma and may form junctional complexes with the uterine cells.
Hill (1900) reported the development of a very intimate union of fetal and maternal tissues in an annular zone of the non-vascular bilaminar yolk-sac just outside the sinus terminalis in Dasyurus viverrinus. In this zone pseudopodialike processes arose from enlarged trophoblastic ectodermal cells and did not simply fit between the cells of the uterine epithelium but penetrated to the subepithelial tissues. This rudimentary implantation resulted in erosion of the maternal epithelium, and fetal cell processes eventually grew around and enclosed some of the capillaries underlying the maternal epithelium. The fetal trophoblastic ectoderm was believed to be finally converted into a syncytium and blood sinuses were said to be formed from the maternal capillaries. Hill ( 1900) also reported that the ectodermal cells of the vascularized region of the yolk-sac accurately followed the contour of the ridged uterine surface and that the fetal ectodermal cells appeared to be in intimate and actual fusion with the uterine epithelium. Hill found that the chorion of Dasyurus viverrinus was closely applied to the uterine epithelium over a greater or lesser portion of its surface.
In Smintkopsis crassicaudata the mode of implantation closely resembles that Dasyurus viverrinus with attachment between fetal and maternal tissues occur¬ ring in the region of the bilaminar yolk-sac, the trilaminar yolk-sac and the chorion. The pregnancy stages of Smintkopsis crassicaudata concerned were obtained from a single female in an advanced stage of gestation and Dr G. . Fig. 9 . A preserved specimen, showing an early implantation stage of Perameles nasuta. The fetus had an overall length of 6-5 mm, not allowing for the curvature of the body, and was completely invested by fetal membranes in which three regions could be recognized. The non-vascularized bilaminar portion of the yolk-sac (BI YS) was separated from the vascularized trilaminar region of the yolk-sac (TRI YS) by the equatorial sinus terminalis (ST). A small, thickened discoidal area of the chorion of about 6·3 mm in diameter was firmly united with the uterine endometrium by chorionic villi (CV). The major and minor axes of the limiting fetal membranes were 13-5 mm and 12-0 mm respectively. Fig. 10 . A preserved, early implantation stage oí Perameles nasuta showing the fetus and a further stage in the dissection of the fetal membranes of the specimen shown in Fig. 9 . The allantoic vesicle (ALT) of 2-5 mm 2-1 mm was not fused with the chorion. Fig. 11 . A preserved, full-term fetus of Perameles nasuta enclosed within its fetal membranes. The major and minor axes of the limiting fetal membranes were 17 and 11-5 mm respect¬ ively. BI YS, non-vascularized bilaminar yolk-sac. The area of attachment between the chorion and the uterine endometrium has expanded in comparison with the early implantation stage (Fig. 9) . A discoidal chorio-allantoic placenta (DCAP) of 11-5 mm 10 mm had differentiated. The sinus terminalis (ST) was less well developed than the blood vessels that supplied the discoidal chorio-allantoic placenta. Fig. 12 . A further stage in the dissection of the specimen shown in Fig. 11 The phenomenon of chorio-allantoic placentation in marsupials was first described for Isoodon obesulus { = Perameles obesula) by Hill (1895 Hill ( , 1897 and these findings were later reviewed and extended by Flynn (1923) to include Perameles gunii and Perameles nasuta. The significance of these early studies together with ome re-interpretation have been discussed by Pearson (1949) , Hill (1949) and Amoroso ( 1952) . Both the mode of embryonic attachment to the uterine epi¬ thelium (implantation) and subsequent differentiation of the discoidal chorioallantoic placenta are unique to the Peramelidae among marsupial families and, according to Hill (1949) , probably evolved independently within this group. Flynn (1923) (Hughes, 1962) .
EXPLANATION OF PLATE 3
In describing the newly implanted Isoodon obesulus embryo, Flynn (1923) found that over a very small area the trophoblast (true chorion) was attached to the thickened maternal syncytium (trophospongia). The (Sharman & Berger, 1969 Marsupial implantation is universally widely separated in time from the appearance of the postovulatory proliferative phase in the uterus, and im¬ plantation always occurs during the terminal stages of gestation, after the onset of fetal differentiation, during the last third of pregnancy. Thus, unlike euther¬ ian species, the phenomenon of marsupial implantation is not closely integrated in time with the early postovulatory stimulation (or its equivalent) of the uterine endometrium by gonadal hormones.
A closer resemblance to the eutherian condition could be achieved by evolutionary adaptations relating to at least three important aspects: a shifting of the invasive phase of the marsupial trophoblast progressively towards the earlier stages of pregnancy; this would necessitate the progressively earlier rupture of the shell membrane and, as in eutherians, its eventual disappearance; presumably these changes would also require an integration of the implantation phenomenon into the endocrine patterns of progressively earlier stages of gestation.
